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An investigation has been conducted in the RACA Levis alti- 
tude wind tunnel to study the effect of R e y n o l d s  mxiber on the 
performapce of CLP axial-flow  campressor. The congressor was 
operated as an integral part of a turbojet engine over a range 
of pressure altitudes fran approximately 17,000 to 50,000 feet 
and compressor-inlet Reylro lde  nmibers from 60,500 t o  219,500. 

The reerulte of this inveetigatfoa showed that the &creme 
in canpreeeor effioienay and correuted air flow'with a xeduction 
in pmaeure at euch oapreseor  W h  munber wae oaueed by the cor- 
responding reduction in ooqpseor-iulet Rsynolda zazmber. The 
rate of change of efficiency wlth Reynolds number waa m o r e  pro- 
nounced at the Imem R e y n o l d s  mmbers. A t  8 given compressoi 
Msch mniber and pressure ratio, 8 decrease in Remlds numbers 
fran 205,000 t o  65,000 lcrvered the compressor efficiency by 
spproxhately 0.05 and lawered the corrected air flaw by 0.02 t o  
0.05 of the rated ma-level air flow. performance obtained x i t h  
two other oomp~eaorrs, eauh of different design, apparently cor- 
related with caupreesor-inlet Reynolds number in a manner 6 W  

t o  that of the acmpreesor used in th i s  investigation. 

Inveetigatiane of arlal-flat compreesore Over a wide range 
of s a t e d  flight conditions have idloated that variations in 
compreseor-inlet cd i t i one   e f f ec t  the perfamame characteris- 
t ic8 of some cunpreeeora. With such ccmpres~ore, the effeat of 
inoreasing the altitude is a reduction in the corrected air flaw 
and the compmseor efficiemy at a given carpressor &oh mniber 
and pressure rstio. Results obtained with several  canpreeeora of 
different design have shown that tb inlet  candltione at whioh 
the performanoe characterietics are affectea and the magnitude of 
the variations in performme differ fran canpressor to anotber. 
Compressor duta previausly obtained have indlcatea that the effect 
of increasing the inlet temperatwe o r  redacing the inlet pssure 
on ccanpreesar performme might be oaused by changes in Reynolds 
number (reference 1 and proprietary NACA data).  Investigation of 
the Reynolda llumber effect on airfoil drag ooefficienter (mferenoe 2 ) 
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An axial-flow-compressor  type  turbojet engine was investigated 
in the HACA Lewis altitude  wind  tunnel  to  determine  whether  varia- 
tions of compressor  performance with Inlet  conditione  could be cor- 
related  with the etteadant changes in Rey~olds mrmber . VsriatIoas 
of cosrpressor  performance with inlet  conditions  were obtained by 
operating  the engim over a range of coqpressor-inlet  Reynolds num- 
bers  at  several  campressor Mach nmibers. At  each  ccanpresaor Mach 
mmiber eLnd R e y a o l d s  number, data were obtained at tP0 inlet  total 
pressures  while  the Reynolds number was maintained  constant by 
c-ng the campressor-Inlet  temperature. 

Data were obtained over a range of pressure altitudes frarm 
approximately  17,000  to 50,000 feet  at a constant comprsssor-inlet 
ram-pressure  ratio  of 1.03. At  each  condition,  the  compressor was 
operated mer e, range of compressor Mach numbers f ' rom 0.70 to the 
rated sea-lml conpressor  Mach  lsumber of 0.89. For compressor 
Mach numbers below rated  speed,  the engine was operated  with only 
two inlet total temperatures of approximately 460' and 600' R .  Two 
corresponding  inlet pressures were chosen at  each  ccenpressor hch 
number to give the same compressor-inlet Reynolds auniber for  both 
inlet tempratures. At  rated  compressor  Mach number, the engins 
was operated with an inlet tempemture of  approrlmately 507O R. 
The conditions  at  which data were obtained  and the corresponding 
pressure altitubs are given in table I. At each condition, data 
were  obtained at four  canpressor  pressure  ratios by varying the 
exhaust-nozzle area. 

Campreeeor-Inlet Reynolds number was wtloulated fram  the 
density of the air entering the fir&-stage rutor bladee and the 
Velocity  relative to tPle fh%3t-ata@ge rotor blades, ae e h m  in the 
appeabix. The Reynolds number of the firet-etage rotor  blades MB 
selected so that  the  values presented could be dil.ecUy oamgared 
with  conventional  airfoil Reynolde numbera and because tbe firet 
stage, being Bubljected t o  the  lowest value8 of Reynolds number 
In the cqreaBor, would be most sensitive t o  changes in Reynolda 
aumber. AB an aid in detedning the Reynold6 nuniber of thie 
compressor at inlet  oanditione  other  than  thoee investie;ated, the 
relation between the Rsynolds number index a d  the O-BBO~= 
inlet Repold8 nuniber l e  shown In tbe follcrwing table: 

.- 
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Coqpressor  Compressor-inlet  Reynolds  mmiber 
Mach  number I Reynolds m e r  index 

The Reynolds  muiber  index  varies linearly with  Reynolds nmiber and 
is defined as the ratio of inlet  total  pressure  to the product of 
t he  squsre root of  inlet total tempera- and the  viscosity of the 
air based on inlet  total temperature. 

An axial-flaw-carpressor type turbojet  engine was installed in 
the  test  section of the iltitude wind tunnel.  With  a  variable-area 
exhaust nozzle installed on the engine, the compressor pressure 
ratio  could be varied at each  canpressor  Mach nmhr and inlet 
condition. Dry air was introduced into the engfne through a duct 
from  the  tunnel make-up air system. The sir was throttled from 
approximately sea-level pressure to the desired  pressure at the 
engine  inlet,  while the tunael  pressure was maintained to corre- 
spond to  the  desired  altitude.  Installation of refrigeration  coils 
and electric  heaters in the meike-up air system mede possible the 
variation of the engine-inlet tmerature from about -ZOO to E O o  B. 

Instrumentation for measuring pressures and t-ratures was 
installed  at four stations in the compressor (fig. 1). The loca- 
tion  and the details of the  instrumentation for the engine 
inlet are shown in figure 2 and for the ccmp-essor outlet in ffg- 
ure 3. Pour static wall orifices were installed SOo apart in a 
plane a short distance ahead of the compressor-inlet guih vanes, 
station 2. 

RESULTS AND DISCUSSION 

Results are presented shoning the  variation of compressor 
efficiency  and  corrected air flow  with  canpressor pressure ratio 
for eeveral Reynolds nurribers. Data are presented in this form to 
show the  results  obtained by changing the inlet pressure while 
maintaining  constant Reynolds  m e r  and Mach pumber. Air flaw 
ia expressed as the ratio of corrected air  flow at the  test con- 
dition  to  rated sea-level air  flow.  Results are also summnrized 
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to show the variation of ocmps.eesor effiaiemy aad fraoticm of 
rstea sea-level air flaw with Reynolds number at several e a -  
pressor Maah nrrmbere. 

Can.preesor Ef f ioienoy 

T h  varistioa of ocsrpreseor efficiency  with ocanpreeeor 
preeeure ratio at c ~ e s o r  h a h  nunibere f r a n  0.70 to 0.82 l e  
presented for a remge of Reynolds  pumbera fKrm 61,100 to 218,900 
and compressor-inlet t o ta l  pressures from approximately 250 to 
1150 poupds per square foot in figures 4 to 60 Data  for the  same^ 
R e y n o l d s  nunher and trro different  inlet pretseures interplotted 
reasonably well,' although the data' scatter became more pronounced 
as the pressure was lowered and the degree of accuracy of the 
msasttremsnts WUIS aolTe8poxWngly reduced. The results show that 

Reynolds nmber resulted in a st- decrease in coprpressor effi- 
ciency.  Interplottins of the data indicated  that decreasing the 
inlet pressure by agprorimately 30 percent  at  a given Rqpoldm 
number had no apgsrent effect on the  compressor  e&"ficlency; -0, 
regardlees of whether the inlet pressure wus raised or  lowered, 
the compressor  efficienay varied in the eame direation as the 
R s y n o l d s  mer. These effeots are ohown by typical values of 
camq?ressor efficiency given in the following table  for a ccxqpreesor 
Mach nuniber of 0.76 and a compreaeor preseure ra t io  of 3.9: 

8t a C o m e t  VdU O f  cdQppZW86oF h c h  mrmb- 8 reduction in 

Connpreseor-inlet  Beynnlds Coagrersor 
- .  

m e r  eificiemcy 
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nuniber investi@ed, u deorease in Reynolds Ilumber from 205,000 to 
135,000 reduoed the effioienoy by upproIfmetely 0.015. A oorre- 
aponding  reduotian in Reynolds number froan 135,000 to 65,ooO 
lowered the efficiewy by abm€ 0.035. 

Air Flow 

A typical  set of data is  presented in figure 8 to show  the 
relation  between  the  compressor  pressure  ratio and the  fraction of 
rated sea-level air flow for two approximate inlet pressures at 
compressor Mach numbers from 0.70 to 0.82 w i t h  an approximately 
constant  Reynolds  nmiber  at  each cqressor Mach d e r .  Ikta for 
a  compressor  MBch  number of 0.89 (rated  conpressor speed) are also 
included  for only one inlet  pressure.  At  each  compressor  Mach nmn- 
ber  and  Reyaolds m e r ,  data for the two different  inlet  preseuree 
interplotted  reasonably  well. Similar interplotting of the data  at 
other  Reynolds numbers indicated  that  decreasing  the  inlet pressure 
by approximately 30 percent  at  a given Reynolds  number  had no effect 
on the  corrected  air  flow. 

The  results are atxmuariegd in figure 9 to  show the effect of 
Reynolds n&er on the relation  between  the  fraction of rated sea- 
level air flow and compressor  pressure  ratio  for  a range of Reynolds 
mmibers from 61,100 to 218,900 and compressor  Mach nunhers from 
0.70 to 0.89. Regardlsss of how the inlet pressure was changed,  at 
a given compressor  pressure  ratio  the  corrected  air flow varied in 
the same  direction  as the Reynolds mmiber at  each  campressor  Mach 
pupiber. As the  Reynolds number was reduced,  the  curves of constant 
compressor  Mach m b e r  shifted in the  direction of reduced cor- 
rected air flow. The slope of the  compressor  Mach  mniber curves 
was affected in such a manner that at the lower  Reynolds nmbers 
the corrected  air flow decreased more rapidly  as  the  compressor 
pressure  ratio was raised. 

Data  presented i n  figure 9 are cross-plotted in figure 10 to 
show directly  the  reduction in the fraction of rated  sea-level  air 
flow as  the R e y n o l d s  mmiber was reduced  at  constant  ccmqfiessor  Mach 
numbers and pressure,  ratios.  At each compressor  Mach number, the 
corrected  air flow decreased as the Reynolds number was  reduced; 
the decrease  became m r e  pronounced  st the lower Reyno lds  nwibers. 
At  each compresmr hhch number  investigated,  a  decrease in Reynolds 
number from 205,000 to 135,000 reduced the  corrected air flow by 
approxbately 0,OOS of the  rated  air flow, A corresponding  reduc- 
tion in Reynolda  number from l35,ooO to 65,OOO lowered  the  cor- 
rected  air  flow by 0.015 to 0 .M of  the  rated  air  flow. 
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Comparison with Axial-Flcrw Compreesore of Different Deeign 

2. A deoreaee in owrpremreor-inlet Reynolds nuniber frcnn 205,000 
to 65,ooO l m m d  the compreseor eff ioienoy by 8pprcwrimstel.y 0.05 
a t  eaoh compreesar Maoh nunder lnveeti@ed. 

3. A t  a given ccenpreeeor p r e e m  ratio, a deoreaee in Reynolde 
number from 205,000 t o  65,000 lowexed the  oomcted air flow by 
0.02 t o  0.05 of the  rated  sea-level air flaw. 

4. Perf'ormapce obtained vith two &her oamrpreseore, eaoh of 
different tlesfgn, omrelated with caupmeeor-iPlet BeynoIda nnmber 
in a manner similar t o  that of the perfonnanoe for the oeanpreesor 
prtudfed in thie  inveetlgation. 

Lewis Flight Propulerion  Lsboreatory, 
Natiollal Adview Camlttee for A!=ronautice, 

Cleveland, Ohio. 
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APPmDIx - Mmmm m C ~ U L A T I O H  

8ynibols 

The symbol8 used in this report &re defined a8 follars: 

A 

C 

C 
P 
D 

g 

3 

EI, 
B 

n 

P 

P 

B 

Re 

T 

Ti 

ATC 

ATC,sd 

t 

U 

V 

area, sq it 
chord lesgth of first-stage  rotor blade measured midway . 

between blade root 8nd t ip ,  it 

specific heat st constant pressure, Btu/(lb) (9) 

compressor-rotor rlinmeter, ft 
acceleration due to gravity, 32.17 ft/sec2 

mechanical equivalent of heat, 778 ft-lb/Btu 

compressor-tip Mach wmrber 

cosSpreeeor speed, rprm 

Plytragic  exp-t 

total pressure, lb/rq f t  absolute 

s ta t ic  pressure, lb/sq ft sbsolute 

universal &as constant, 53.4 it-lb/(lb)(%) 

ooplrpressor-ia& Reynolds umber 

total twerature, OR 

indicated teqperature, OR 

tOtd- t - t lZrO rfSe 8 C F O I S  C q Z W 6 8 O r ,  % 

adidatic  totd--erature rue a m a s  oompreseor, Oa 

s ta t ic  tenIperature, OR 

tangemtial. velocity of first-stage  rotor blade measured 
at mean blade radius, ft/8ec 

velocity,  it/sec 
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Y ratio of specific  heats  at  constant  pressure  to  specific 
heats at constant  volume 

8 effective  turning angle of inlet guide -8, deg 

v viscosity of air, lb-sec/sq  ft 

P density of air,  slugs/cu  ft 

Subscripts: 

1 engine inlet 

2 compressor I n l e t  

3 inlet to first rotor etsge 

4 compressor  outlet  behind  etralghtening vemes 

a aria 

C compressor 

P  polytrapic 

r relative to rotor blades 

Cslculatlans 

Temperature. - Total  temperature was oalculated from the 
express Ion 

T =  

L 

where 0.85 is the thermocouple impact-recovery factor. 
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A i r  flow. - The air flow through the campressor wa8 obtained 
from measuramePts at  the engine inlet,  station 1, by the following 
relation: 

1 

Compressor efficiency. - Comgressor efficiency is 
the  ratio of adiabatic  enthalpy rise of the air across 

defined ae 
the com- 

pressor t o  the actual 6nthalpy rise and may be expressed by the 
following relation: 

+%,ad 
W cpATc 

The rat io  of specific heats y was based on the average t-era- 
ture through the compreesor (Ti+Tq)/Z. 

C.mroreseor Mach rmmiber. - Capreesor lkch nmiber is  defined 
ae the t i p  speed of the rotor divided by the  stagnation speed of 

Reynolds  mnuber. - The velocity Biagram for  the f i r s t  cox& 
.pressor stage is 

4 
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Because the . a r e a  a t  station 2 was equal t o  the area at the 
entrance of the cqresaor- inlet  &de VBP~S, condition8 at the 
two stations were 88sumed equal. The axial velocity at the entrance 
to the inlet guide vanes V2 was cdculated from the static pres- 
sure and the  static temperature at   station 2 and the  air  flow. 

The total  temperature and pressure at 8 t 8 t i O ~  1 and 2 were asmu& 
equal and t2 aas obtained from the relation 

t2 = T1 cz>' p1 

The average effective  turning angle of the  inlet guide vanes wrrlss 
f r m  23' at the hub to 31O at the  outer casing. An average turniag 
angle of 27O wa8 used for the calculstione. The annular area at 
the exit of the guide vanes WSB equal t o  the area st station 2 
(fig. 1). In order to  calculate  the R e y n o l d s  number relative t o  
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the  first-stage rotor, it is first necessary t o  determf.ns the axial 
velocity and the stat ic  temperature st  the exit of the inlet guide 
vanes. The stat ic  temperature can be expressed 88 

B r a  the  continuity equation 

p2Azvz = p3+jv3,* 

The density ra t io  acrosm the inlet guib vanes may be expressed in 
terms of the  static temperature ratio as 

L 

Because the flow can be considered adiabatic  but not isentropic, 
the polytropic exponents nrust be calculated. A polytropic effi- 
ciency of 0.90 vas aseumed for the expansion through the inlet 
guide vanes and the erpoaent was calculated from the follawing 
equation: 

yL- y-1 n-1 n 
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The values of V3,a and t3 we- then obtained from a  solution of 
equations (8) and (13) by 8 series of appMudmatians. The density 
of the  sir  leaving the inlet guide vanes was then  calculated iron! 
equation  (11). The viscosity p3 was determfned  fropl  t3. 

Velocity of the air relative to the  first-stage  rotor blades 
was  calculated as 

Reynolde nufdber of the flov relative to the first-stage  rotor 
blades at the me- radlus was then calculated by cambining the 
results from equations (11) and (14) in  the  expression 

. 
1. Sinnette, John T., Jr., Schey, Oscar W., and King, J. Austin: 

Performance of HACA Eight-Stage  Axial-Flow Canpressor Desiped 
on the  Basis of Airfoil Theory. HACA Rep.  758, 1943. 

2. Jacobs, Eaatman If., anb Sherman, Albert: Airfoil Secttan 
Chsraoterietioe ao Affeoted by Variation8 of the Reynolde 
?umber. W A  Rep. 586, 1937. 
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Compressor 
Msch 

number 

0 -89 

0.82 

0.76 

0.70 

0.82 

0.76 

0.70 

0.82 

0.76 

0.70 

Compressor- 
inlet 

ReynolaS 
number 

205,400 

83,700 
132,400 

66,700 

219,500 
218,200 

208,500 
207,300 

197,000 
197,000 

142,700 
141,000 

W3,600 
131,900 

124,600 
124,900 

87,500 
87,500 

82,200 
83,700 

77,500 
77,500 

507 
507 
504 
507 

~~ 

603 
464 

608 
468 

6Q4 
458 

,599 
458 

6u4 
458 

606 
458 

~~ 

601 

459 

Campressor- Pressure 
M e t  altitude 
total (ft) 

pressure 
( I b h  ft) 

805 
35,100 5l.l 
25,100 

50,200 249 
316 45,100 

1138 
808 

17,000 

16,800 1143 

25,100 

807 25,100 

1149 
806 

16,700 
25,100 

27,700 
35,100 

27,500 
512  35,100 

730 1 27,300 1 512 35,100 

447 

450 

37,900 

37,700 

318 45,100 

318 45,100 

454 37,500 
317 45,100 

0.82 

42,700 355 607 64,- 0.76 

50,400 247 462 68,300 
42,900 598  352 69,300 

65,500 

50,400 247 459 330,300 

50,400 247 458 

0.70 42,700 356 602 61,900 
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Static-pressure 

tubel 
I I * I  

Rake 1 I Rake 2 I 
Thermocouple 

. 

l 
Rage 2 

. 
(b) Location of survey rakes. 

Figure 2.  - Location and details of instmentation installed at engine fnlet, station 1. 
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f Static w a l l  orlfice Thaneocouple 

I * .  

L Rake 3 

Compressor- 
outlet 
passage 

(a) "-rake details. 

Rakes 4 and 6 Rake 3 

. 

/Rakes 4 and 6 

1 

.. "" 

/ \ 
Rake 3 Bake 5 " 

(b) Location of survey rakes. 
Flgure 3. - Location and detaila of instrumentation Installed at compressor outlet, 

station 4. 
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(a) Average  ccn-npreaaor-inlet Reynolds number,  197,000. (a) Average  ccn-npreaaor-inlet Reynolds number,  197,000. 
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(b) Average compressor-inlet Reynolds number, 124,800. 

( 0 )  Average  oompressor-inlet Reynolds nunibef, TI ,SOO.  

, 8 6  

78 
3.0 3.2 3.4 3.6 9.8 

Compressor pressure ratio, P ~ P I  

(d) Average oompressor-inlet Reynolds nunber, 61,100. 

FAgure 4. - Vaz-iation of mmpressor effiaienog w i t h  compressor 
pressure ratio at compressor Maah number of 0.70. 
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(a) Average compressor-inlet Reynolds nuniber, 207,900. 

0 8 6  

e 75 
( c )  Average compressor-inlet Reynolds number, 83,000. 

em 
3*4 3.6 3, 0 4.0 4*2 4.4 

 omp pressor pressure ratio, P ~ / P ~  

(d) Average conpressor-inlet Reynolds nmber, 65,200. 

Figure 5, - Variatfon of oomgressor efflcienoy with compressor 
pressure rat io  at oompresaor Mach lluniber of 0.76. 
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.85 
F0 0 
4 0 7 5  

0 (b) Average  compressor-inlet Reynolds number, 141s9000 
rl 

( 0 )  Average  compressor-inlet Reynolds n-er, 87,500. 

.75 . 4.0 402 404 40 6 4.8 8.0 
Compressar pressure ratio, P ~ P ~  

. (a) Average oomgressar-inlet Reynolds m e r ,  68,800. 

Figure 6. = Variation of oompTessor efifolenoy w i t b  ompress02 
pressure ratio at oompressor Hkch lrunber of 0.82. 
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* Figure 8. - Variation of oonrpressor pressure ratio w i t h  fraotion 
of rated sea-level air flow for oonstant values of oompressor 
Ha& lIuzriber and compressor-inlet Reynolds naniber. 

21 
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Compressor-blet Reynolds number 
197,000  207,900  218,900  205,400 

- -" 124,800 132,500 141,900 l32,400 

"- 61,100 66,200 68,800 66,700 
- - 77,500 63,000 87,500  83,700 

I 
Compressor 
Ma& d e r  0.89 I 

5.0 1 1  

1 1  
d 

% i l  
I I 

@I 

I '  ,I1 I '1 \ rl .P 

\ !If \ 082 

0" 4.6 \ t l  I 

cd 
k ', ! I 
5 

I I! \ I 

4.2 
Q1 

k 

70 0 
ii 3*8 

\\ 1 P 

\ \  , .rs\ 

\ 1 1  
\,,. \ '\,\ 

8 \ I  
I 

\I ' 
0 \ . 

\ I  

5.4 y\'i 
\' 

8ooi 
70 0 8 0  . 90 1.00 

Corrected air flcrar 
Rated sea-level air flaw 

X g U e  9. - Effeot of oompressor-Met Reynolds m e r  on relation 
between oompressor pressure ratio and fraotion of rated sea-level 
air  flow. 
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